Introduction
The magnetic properties of soils have been studied as part of an investigation into the location of buried archaeological features using magnetic and electromagnetic prospecting techniques (AITKEN, 1961; TITS and MuLLIN5, 1969) . The specific aim of the research was to establish the size and shape distribution of the ferrimagnetic iron oxide grains in the soil and hence explain the magnetic viscosity phenomena observed for soils. In the context of geophysical prospecting techniques, an understanding of the magnetic viscosity phenomena is of interest since they affect the magnitude of the magnetic field strength anomaly associated with a buried feature and also provide the basis for the response of pulsed electromagnetic instruments to soil magnetism (COLANI and AITKEN, 1966) . Similarly a knowledge of the size distribution of the iron oxide grains in soils is relevant to the elucidation of the mechanisms involved in the enhancement of * Now at Department of Soil Science, University of Aberdeen, Scotland.
the magnetic susceptibility of the soil, as compared to the subsoil, on which the location of buried features depends (LE BoRGNE, 1955 and 1960a; TITS and MULLINS, 1971) . Furthermore the concepts and techniques developed for the study of soil magnetism should also be of value in the much wider context of rock magnetism. In order to establish the size and shape distribution of the iron oxide grains in soils, their magnetic properties were compared with those of synthetic samples containing dispersed magnetite grains whose size and shape could be determined by means of electron and optical microscopy. Preisach diagrams were plotted and were used, in conjunction with data on the saturation magnetization and saturation remanence, to estimate the relative proportions of superparamagnetic, single domain and multidomain grains in the samples. The Preisach-Neel theory of interacting single domain grains was extended so that viscous remanent magnetism (VRM) could be represented on the Preisach diagram which could thus be used to interpret the magnetic viscosity phenomena associated with different time-scales.
Theory
In the classic theory for the magnetic behaviour of an assembly of noninteracting single domain grains (NEEL, 1949) , it is assumed that the real assembly behaves magnetically in the same way as a simpler assembly in which one third of the grains have axes of easy magnetization parallel to the direction of the applied field and two thirds have axes normal to the field. The latter grains may be disregarded in studying remanent and viscous magnetic properties since they exhibit no hysteresis.
At very low temperatures, grains having axes parallel to the applied field can reverse their orientation only when the applied field is greater than the microscopic coercive force H. However at higher temperatures, the actual external field required to reverse the direction of the magnetic moment of a single domain grain is, as a result of thermally activated transitions, less than the microscopic coercive force (He). This field, which is referred to as the blocking field (hB), decreases with both temperature and time and is given by the relationship:
(1) (DUNLOP and WEST, 1969) where v is the grain volume, JS is the spontaneous magnetisation of the material, k is Boltzmann's constant, T is the absolute temperature and Q' is a constant which has a value of approximately 20 for magnetite and maghaemite (NEEL, 1949) .
Preisach Diagram
The classic Neel theory can be extended to include grain interaction through the introduction of a spatially fluctuating interaction field (NEEL, 1954; DUNLOP and WEST, 1969) which displaces the hysteresis loop of each grain by an amount HI ( Fig. 1) . As a result of this grain interaction, the fields required to reverse the direction of the magnetic moment of a single domain grain are given by;
H+=+hB-Hi where H+ is the switching field when the external and interaction fields are in the same direction and H-is the switching field when they are in opposite directions.
With the introduction of an interaction field, the remanent properties of an assembly of single domain grains can be represented on the Preisach diagram (PREISACH, 1935) . This is a two dimensional density plot in which the magnetization m(H+, H-) per unit area (dH+dH-) associated with the grains in the assembly is plotted on a graph of the positive versus the negative switching fields (Fig. 2) . Since only those grains with H+>0 and H<0 can acquire a net remanent magnetisation, only the fourth quadrant of the Preisach diagram is normally plotted. In the absence of an interaction field, all grains contributing to remanence are concentrated on the diagonal H+=-H-(i.e., OP in Fig. 2 ). The effect of the interaction field is then to move the representative point associated with a grain a distance S/2 Hi normal to the diagonal.
In the case of an assembly of single domain grains, it is reasonable to assume that there is no correlation between the blocking field (hB) and the interaction field (H1). Therefore the shape of any profile m(hB) taken parallel to the diagonal op (i.e., blocking field spectra) and the shape of any profile m(H1) taken normal to the diagonal (i.e., interaction field spectra) should remain constant. Only if there were two distinct ranges of grain shapes or sizes in different states of agglomeration within one sample would this assumption be liable to fail. However in the case of a multidomain grain, the domains at the centre of the grain experience a different interaction field to those at the surface while, at the same time, the surface closure domains can be expected to be qualitatively different to the central domains in their response to an applied field. Therefore some correlation between the blocking field and the interaction field can be anticipated for an assembly of multidomain grains. Consequently it should be possible to distinguish between dilute assemblies of single and multidomain grains on the basis of their Preisach diagrams: the former being characterised by a uniform profile shape and a small average value for the interaction field and the latter by the converse.
Magnetic Viscosity
Magnetic viscosity in ferrimagnetic iron oxides, such as magnetite and maghaemite, is associated with the thermal activation of magnetic domains. In multidomain grains, this takes the form of thermal activation of domain walls past obstacles such as crystal defects while in single domain grains, thermally activated reversals of the direction of grain magnetisation are involved. Both experimental results and theory (NEEL, 1949 and 1950; STREET and WOOLLEY, 1949; LE BORGNE, 1960b ) indicate a logarithmic time dependence for the acquisition and decay of viscous remanent magnetisation (VRM).
For multidomain grains, NEEL (1950) showed that VRM can be considered in terms of a fluctuating viscosity field with modulus hf loget where hf is an experimentally determined parameter, referred to subsequently as the "viscosity field coefficient." BELOKON et al. (1969) (1) represents the thermal activation process responsible for the magnetic viscosity of single domain grains. Because this term is a function of both v and Hc, it is not possible to directly represent magnetic viscosity on the Preisach diagram. However, if hB<H C, it can be shown that, by neglecting terms in (hB/HC)2, Eq. (1) can be simplified to;
(3) It is thus possible to again introduce the concept of a fluctuating viscosity field (hf log et) where hf is given by:
hf=-ehb/e(loget)=ktvjs(T) (4) this relationship being similar to that for multidomain grains (Eq. 2), except for the replacement of the volume of the domain barrier (v') by the grain volume (v).
Although the relationship for the viscosity field associated with single domain grains has been derived for the situation where hB<He, it is, in practice, tenable provided hB<HC/2. The associated range of grain sizes can be calculated using Eq. (1) and the data for magnetite grains, assuming a microscopic coercive force of 500 oersteds (i.e., nearly spherical grains) and a temperature of 300K. Results are presented in Table 1 . From this data, it can be seen that only grains within a limited volume range around 10-17 cm3 have blocking fields less than H/2 and are, at the same time, magnetically stable in zero field for times greater than 1 second (i.e., zo>1s). Consequently within the blocking field range for which the concept is appropriate, an average value for the grain volume (i.e., v=10-17 cm3) can be taken as characterising the viscosity field and the associated value Table 1 . Typical values for the blocking field and relaxation time for single domain grains of magnetite (H=500oe, T=300K).
1) The blocking field (hB) is calculated from Eq. 1 for a time (t) of 1 second.
2) The relaxation time (to) in zero field is calculated from Eq. (1) by putting hB=0.
for hf, calculated using Eq. (4), is approximately 9oe for magnetite grains and 10oe for maghaemite grains. Because of this essentially constant value for the viscosity field coefficient (hf), the acquisition and loss of VRM by an assembly of single domain grains can be satisfactorily represented on the Preisach diagram by a straight line moving across the diagram, provided that only grains with switching fields less than approximately 250 oe (i.e., less than H/2) are involved. The regions of the Preisach diagram involved in the acquisition of VRM when a field h is applied for a time t and in the subsequent decay of VRM when the field is switched off are shown in Fig. 3 . The experimental measurement time associated with obtaining the magnetization data m(H+, H-) for these Preisach diagrams is taken to be z, specification of this time being necessary because the blocking field and therefore the switching fields of a grain are time dependent (Eqs. (1) and (3)).
When h is less than hf log et/z (Fig. 3a) , the effect of the viscosity field during the acquisition of VRM is the same as that of an alternating field (i.e., anhysteretic remanence) whose amplitude increases logarithmically with time, the maximum positive and negative fields experienced by the assembly at time t being h+hf loget/z and h-hf log et/Z', respectively. Similarly the effect of the viscosity field during the decay of VRM (i.e., when the applied field is switched off) is that of progressive alternating field demagnetization. When h is greater than hf loget/t (Fig. 3b) , the effect of the viscosity field is essentially the same but since the areas of the Preisach diagram involved are now triangular rather than trapezoidal, the relationship between the acquisition and decay of VRM is somewhat different.
The viscosity coefficients for the acquisition and decay of VRM are defined as:
and SD(h)-4nkIR
where t and t' are the times spent in and out of the applied field respectively. These coefficients are therefore essentially equal to the magnetizations m(H+, H-) dH+dH-associated with the areas of the Preisach diagram, PQRS and P'Q'R'S', respectively (Fig. 3) . For small applied fields (i.e., h<hf loget/z), it is reasonable to assume that the magnetization "density" m(H+, H-) remains constant over the area of the diagram involved in the acquisition and decay of VRM ( Fig. 3a) and consequently the coefficients SIR and SD are approximately equal and proportional to the applied field h. In contrast, for large applied fields (i.e., h> hf loget/r), the assumption of constant magnetization "density" is not justified since radically different areas of the diagram are responsible for the acquisition and decay of VRM (Fig. 3b) . The two viscosity coefficients are therefore no longer necessarily equal nor proportional to the applied field. However the viscosity coefficient for the acquisition of VRM is now given by:
and is therefore proportional to the differential d.c. coercivity (dIR/dh)h. Although some of the above conclusions concerning the VRM associated with single domain grains have already been obtained from existing viscosity theories, the behaviour of the viscosity coefficients in larger applied fields (i.e., Eq. (5)) has not previously been predicted. Furthermore the use of the Preisach diagram provides a clear indication of the particular grains involved in any viscosity process.
IRS/IS Ratio
The ratio of the saturation remanence (IRS) to the saturation magnetization (IS) depends on the domain structure of the ferrimagnetic material and therefore provides a useful guide to the relative proportions of superparamagnetic, stable single domain and multidomain grains in a magnetic sample (DUNLOP 1969a) . For a sample containing randomly-oriented stable single domain grains, IRS/IS is theoretically 0.5 if the grains have uniaxial anisotropy (STOKER and WOHLFARTH, 1948) . However any admixture of superparamagnetic grains will decrease the ratio. Superparamagnetic grains are, by definition, incapable of possessing remanence and therefore the ratio IRS/IS decreases as the proportion of superparamagnetic grains in the sample increases. Similarly NEEL (1955) has shown that for small multidomain grains IRS/IS<0.1. Therefore the remanence associated with small multidomain grains is typically less than one fifth of that associated with an equal volume of single domain grains.
Experimental Procedures
3.1 Samples Three synthetic samples were prepared by dispersing less than 1 percent by volume of magnetite in white sand which had previously been ground in a ball mill. The resulting mixtures were tightly packed in plastic tubes and sealed with plaster of Paris. Sample S1 contained colloidal magnetite prepared by the method suggested by ELMORE (1938). Sample S2 contained magnetite which had been prepared by sintering the colloidal magnetite in air at 800C and then reconverting the resulting haematite by heating in hydrogen at 450C. Sample S3 contained "commercial" magnetite supplied as a laboratory reagent by Hopkins and Williams Ltd. Prior to their dispersion in the sand, these three magnetite samples were subjected to optical and electron microscope examination, the results of which are presented in Table 2 .
In addition to the synthetic samples, a number of soil samples collected from archaeological sites in England and derived from sedimentary geological strata (TITS and MuLLINS, 1971) were used for viscosity measurements and from these two (DC 33 and DR 19) were selected for detailed magnetic measurements. On the basis of studies by LE BoRGNE (1955 and 1960a) , it is reasonable to assume that the dominant ferrimagnetic mineral in the soils is maghaemite (rFe203). However separation of this mineral for microscopic examination was not feasible. 
Apparatus
The remanent magnetisation of the samples was measured in terms of the associated magnetic field produced at a 3 in long fluxgate element which was rigidly mounted perpendicular to the Earth's magnetic field. The magnetic field due to the sample was determined by nullification using a feedback coil wound around the fluxgate and connected to a mercury battery via a four decade voltage divider. External sources of "noise" limited the smallest practical scale division to a field of 5 X 105 oe. A solenoid, capable of producing magnetic fields of up to 800 oe to a uniformity of+1 percent over the sample volume, was used for magnetising the samples.
The decay of VRM, associated with a time of approximately 100 p sec, was measured using a pulsed induction meter (CoLANI, 1966) in conjunction with a transmitter coil which provided a uniform 10 or 100 oe field over the sample volume. In operation, this instrument subjects the sample to a succession of unipolar magnetic field pulses of 350 p sec duration. The voltage induced in a receiver coil, wound coaxiallyy to the transmitter coil, is measured 100 p sec after the cut-off of each field pulse. This voltage is directly proportional to the viscosity coefficient, Sd(h), for the decay of VRM.
The magnetic susceptibility was measured using an a.c. bridge system operating at 1 kHz (SCOLLAR, 1968) . The bridge was calibrated with a sample of manganese sulphate. BATE (1962) has shown that Preisach diagrams are only valid for a limited range of applied fields such that the overall diagram does not alter after the application of field values within these limits. Clearly, any change in the state of remanent magnetization of a sample will change the local interaction field about many particles. However, provided there is no overall change in the distribution of interaction fields throughout the sample, the Preisach diagram will remain the same. This property Bate called 'statistical stability'. The method suggested by Bate of taking a sample round a minor remanence hysterisis loop was used to test our samples. In the case of the three strongly viscous samples (i.e., S1, DC33 & DR19) a correction was made for the amount of VRM lost by the sample during the time required to place it in the various magnetic fields to circumscribe the loop. With this proviso, all the samples were found to be statistically stable in fields up to 800 oe. Sample magnetization was measured 30 sec after the removal of.the field (i.e., t'=30 sec). The field itself was applied for a length of time (t) equal to 30 sec.
Measurement Procedures
When a sample was repeatedly placed in a large field for equal lengths of time, measurements of its remanent magnetization a fixed time after field removal were found to increase. This result is to be expected from Fig. 3b which shows that different parts of the Preisach distribution are involved in the aquisition and loss of VRM in high fields. Thus to measure the aquisition of VRM samples were repeatedly placed in an 100 oe field for times of: 50, 50, 100, 100, 200, 500 and 1000 sec (i.e., t=50, 100, 200 etc.). Remanent magnetization was measured at t'=30 sec. Decay of VRM was studied after samples had spent 30 min in a 100 oe field, for t' between 100 and 1000 sec.
For the synthetic samples, the ratio IRS/IS was determined from a value of 4S, calculated on the basis of the known weight of magnetite in the sample, and a value of IRS, measured after the sample had been placed in a field of 3000 oe provided by an electromagnet. This field was found to be sufficient to produce saturation remanence.
Results

Preisach Diagrams
The Preisach diagrams for the five samples, together with their interaction field spectra m(H1), are shown in Figs. 4 and 5. The values for the mean interaction field Hi, which is taken as the value of H, when m(H1) falls to half its peak value (DUNLOP, 1969b) , and for the ratio IRS/IS are presented in Table 3 .
The Preisach diagram (Fig. 4) for sample S1 is clearly characteristic of single domain grains in that the blocking field and interaction field spectra would retain a similar shape along any line parallel to and perpendicular to the diagonal H+=-H-, respectively. Similar smooth elongated contours have also been observed by both BATE (1962) and DUNLOP and WEST (1969) in the Preisach diagrams for single domain grain assemblies. The very low value for the mean interaction field (i.e., 30 oe) provides further confirmation that this sample contains well-dispersed single domain grains. However the low value for the ratio IRs/IS (i.e., 0.044) indicates that the stable single domain grains make up only about 10 percent of the total magnetic material in this sample, the remainder of the magnetic grains being superparamagnetic with time constants (v0) less than 30 sec. In contrast to sample S1, the diagram for sample S3 shows irregular bunching of the contours on various parts of the diagram which cannot be explained in terms of single domain grains. Taken together with the very high value for the mean interaction field (i.e., 200 oe), it is apparent that this type of Preisach diagram is characteristic of a multidomain grain assembly. Furthermore, since the remanence associated with any single domain grains in a sample is at least five times that associated with the same volume of multidomain grains (Section 2.3), the lack of any elongated distribution along the H+=-Hdiagonal Fig. 4 . Experimental Preisach diagrams and interaction spectra for the synthetic samples. The measurement times used to obtain the magnetization data m(H+, H-) were 30 sec. Only half contours are shown since the Preisach diagram is symmetrical about the diagonal H=-H-. In order to clarify the differences between the magnetization distributions for the three samples, the data has been normalized so that the integrated magnetization (i.e., SSm(H+, H-)dH+dH-) for each sample is 100 arbitrary units. The interaction spectra, normalized to unity at Hi=0, have been taken along the lines AA' on the Preisach diagrams.
provides clear evidence for the absence of stable single domain grains in this sample.
The Preisach diagram for sample S2 is seen to consist of two distinct parts. Firstly there is a long narrow distribution along the diagonal which is characteristic of single domain grains. Superimposed upon this is the irregularly bunched distribution which is characteristic of multidomain grains. The interaction field spectrum also indicates that both single and multidomain grains are present. The low value for the mean interaction field (i.e., 30 oe) is characteristic of well-dispersed single domain grains while the fact that the spectrum flattens out above 70 oe suggests the presence of multidomain grains. The comparatively high value for the ratio IRS/IS (i.e., 0.24) indicates that the stable single domain grains make up at least 40 percent of the total magnetic material in the sample. Furthermore, on the basis of the Preisach diagram distribution, it is reasonable to assume that the remainder of the magnetic grains are multidomain rather than being superparamagnetic as is the case for sample Si.
The above results are in excellent agreement with the predictions concerning magnetic grain type which could have been made from the information on grain size and shape obtained by the microscopic examination (Table 2) . Thus it could have been predicted that sample S 1 would contain a mixture of superparamagnetic and stable single domain grains and that sample S3 would contain small multidomain grains. Similarly the observed grain size and shape of the magnetite grains in sample S2 places them almost exactly astride the theoretically predicted single-multidomain grain divide (STRANGWAY et al., 1968) .
The Preisach diagrams (Fig. 5) for the soil samples, DC 33 and DR 19, are similar to that for sample S 1 and are again characteristic of single domain grains, A comparison between the interaction spectra which DUNLOP (1969b) has obtained for a number of dilute single domain assemblies and the above results establishes the value of these spectra. Whereas Dunlop obtained values for the mean interaction field (Hi) between 35 and 180 oe, the single domain assemblies studied in our case all had values below 40 oe. The lowest value obtained by Dunlop was far a volcanically baked earth which can reasonably be assumed to contain iron oxides in a well-dispersed form whereas his synthetic samples were prepared by mixing the iron oxides in wet clay (DUNLOP and WEST, 1969) : a procedure which, he admits, does not effectively break up the particle clusters.
Magnetic Viscosity
In order to check the validity of the concept of a fluctuating viscosity field with a constant coefficient hf in the case of an assembly of single domain grains, the relationship between the viscosity coefficient for the acquisition of VRM and the differential d.c. coercivity (Eq. (5)) was tested for sample S1 which was BoRUNE (1960b) . In making these comparisons, a constant value of 5 oe have been assumed for hf.
known to fulfil the approximations made in deriving the relationship. The viscosity coefficient for the acquisition of VRM (SIR) was measured for a variety of applied fields (h) using the method described in Section 3.3. These values were then compared with differential d.c. coercivity spectrum (dJIR/zh)h taken from the Preisach diagram (Fig. 6a) , a value of 5 oe being assumed for hf. In view of the limited accuracy of the data, the agreement between these two parameters is satisfactory and suggests that the concept of a constant viscosity field coefficient (hf) is experimentally tenable. Further confirmation for the validity of this concept was provided by replotting (Fig. 6b) , in a similar manner, the published magnetic data for a soil sample which had been studied by LE BORGNE (1960b) and which had been shown to contain single domain grains of maghaemite with an average diameter of about 200 A. In both cases the experimental value chosen for h f is lower than the theoretically predicted value (Section 2.2) by a factor of about two. However considering the nature of the approximations which have been made, this order of magnitude agreement is satisfactory.
Having thus justified the concept of a fluctuating viscosity field with a constant coefficient (hf); it is possible to sketch the areas of the Preisach diagram which are sampled by the coefficients for the decay of VRM: V1, V2 and V3. It is convenient for this purpose to consider a Preisach diagram for which there is an hypothetical very short measurement time, z=say r0(=e-Q=109sec). It will be possible in this way to fully accommodate longer actual measurement times on the diagram. As suggested in Section 2.2, the value of switching field associated with an actual field h applied for a time t is then:
H+=h+hfloge(t/10-9) (Using the convention that Hr must take negative values to appear on the diagram). Similarly, the switching field associated with an actual measurement time of t' seconds is: H+=+hfloge(t'/10-9).
Using these equations and assuming a value of 5 oe for hf, the relevant areas of the Preisach diagram are shown in Fig. 7 . It will be noticed that all three shaded areas are of the shape shown in Fig. 3b . As mentioned, the coefficients V1 and V2 were measured at fields of 10 and 100 oe respectively; with t=350 psec and t'=103Csec.
V3 was measured in a field of 100 oe with t=30 min and t' between 100 and 1000 sec. The values V1, V2 and V3 presented in Table 3 have been calculated by dividing the measured viscosity coefficients by the product of the mass and mass susceptibility of each sample. Thus, despite the fact that V1, V2 and V3 are given in arbitrary units, this procedure makes possible a qualitative comparison between samples using these results.
It is seen, from this hypothetical Preisach diagram (Fig. 7) , that the measured viscosity coefficients only provide data on a small fraction of the total grain and Magnetic Viscosity Phenomena for Soils 227 distribution in the sample and can therefore only indicate a localised trend on the Preisach diagram. However the values obtained for V1, V2 and V3 do confirm the previous predictions concerning the types of magnetic grains in the different samples. For example, the significantly lower values for V1 and V2 obtained for sample S2, as compared to sample S 1, support the prediction that sample S2 contains practically no superparamagnetic grains. Similarly the very low values for all three coefficients in the case of the multidomain sample S3 should be noted. In the case of the two soils (DC 33 and DR 19) for which Preisach diagrams are available, it can be seen, from the data presented in Table 3 , that their viscosity coefficients are comparable with those for sample S1, hence confirming the previous prediction that the size and shape distribution of the magnetic grains in these soils is similar to that in sample S1. Furthermore it was found that the decay viscosity coefficients for a wide selection of soils, collected from archaeological sites in England and derived from sedimentary geological strata, fell within a comparatively narrow range of values, that is:
It is therefore reasonable to infer that their Preisach diagrams, and hence the size and shape distribution of their magnetic iron oxide grains, would be similar to those for the two soils (DC 33 and DR 19) which have been studied in detail. 
Conclusions
The above results show that, in typical soils derived from sedimentary strata, the iron oxides responsible for their magnetic properties exist in the form of single domain grains of both the stable and unstable (i.e., superparamagnetic) type. Furthermore on the basis of the overall "magnetic" similarity between the synthetic sample S 1 and the soils, it is reasonable to infer that between 10 and 20 percent of the total magnetic constituents in a soil are well-dispersed stable single domain grains with diameters of about 250 A and that the majority of the remainder are superparamagnetic grains with slightly smaller diameters.
In a more general context, it has been established that the Preisach diagram provides a powerful diagnostic tool for distinguishing between assemblies of single domain and multidomain grains and that, when combined with data for the ratio IRS/IS, the Preisach diagram can provide an indication of the relative proportions of superparamagnetic, stable single domain and multidomain grains in the sample. It has further been shown that the magnetic viscosity phenomena associated with assemblies of single domain grains can be satisfactorily represented on the Preisach diagram in terms of a fluctuating viscosity field with a constant coefficient (hf) and that the values for the decay viscosity coefficients (SD) can be used directly to compare the grain size distributions for different samples, the ease and rapidity of the measurements with the pulsed induction meter (i.e., V1 and V2) being of particular significance.
Finally it should be emphasized that the concepts and techniques, which have been developed here for the study of the magnetic properties of soils, could also be relevant to palaeomagnetic studies: a knowledge of the relative proportions of the different types of magnetic grain in the rock samples and an understanding of the contribution of the different fractions of the grain distribution to magnetic viscosity phenomena being of particular interest in this context. Part of this work is included in a Ph.D thesis which was supported by a Poulter Studentship. This assistance is gratefully acknowledged by C.E. Mullins.
